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Manure-borne bacteria can be transported in runoff as free cells, cells attached to soil particles, and cells attached
to manure particles. The objectives of this work were to compare the attachment of fecal coliforms (FC) to different
soils and soil fractions and to assess the effect of bovine manure on FC attachment to soil and soil fractions. Three
sand fractions of different sizes, the silt fraction, and the clay fraction of loam and sandy clay loam soils were
separated and used along with soil samples in batch attachment experiments with water-FC suspensions and
water-manure-FC suspensions. In the absence of manure colloids, bacterial attachment to soil, silt, and clay
particles was much higher than the attachment to sand particles having no organic coating. The attachment to the
coated sand particles was similar to the attachment to silt and clay. Manure colloids in suspensions decreased
bacterial attachment to soils, clay and silt fractions, and coated sand fractions, but did not decrease the attachment
to sand fractions without the coating. The low attachment of bacteria to silt and clay particles in the presence of
manure colloids may cause predominantly free-cell transport of manure-borne FC in runoff.

Manure is the primary source of pollution from animal feed-
ing operations. There are an estimated 376,000 livestock op-
erations in the United States, which generate 58.1 million tons
of manure each year. According to the 1998 National Water
Quality Inventory, approximately 60% of the pollution in rivers
and 45% in lakes come from agricultural sources (12). Animal
feces are deposited on land by grazing animals, and livestock
manure and wastes from processing facilities are increasingly
applied on agricultural soils in the form of solid or liquid
slurries as fertilizers for silage, grazing, or crop production.
Livestock manures/wastes may contain pathogenic bacteria,
such as Listeria monocytogenes, Campylobacter spp., Salmonella
spp., and certain strains of Escherichia coli, which may be
released into the environment in large numbers (20, 27, 35, 43,
45). Sixty-five outbreaks of human infections linked to water
have been reported in the United Kingdom in 1991 to 2000
(22), while 230 outbreaks have been reported in the United
States in 1991 to 1998 (7).

The transport of manure-borne pathogenic organisms in
overland flow may be a significant cause of surface water con-
tamination (6, 11, 25, 40). Numerous experimental studies
indicate that overland flow can transport substantial amounts
of fecal bacteria on steep pastoral land (4, 11, 41), grazed
pastures (11, 40, 43), or grassland and crops receiving cattle
slurry (21, 34). Curriero et al. (8) have reported statistically
significant correlations between the increase in heavy rainfall
events and waterborne disease outbreaks in the United States
for the period 1948 to 1994.

It is generally recognized that bacteria in runoff can be
transported as free cells or cells attached to soil particles, to

fragments of vegetation and residue, and to manure particles
(14, 23, 33, 44). Relatively little is known about the transport
rates of free cells versus those of attached cells, which are likely
to differ substantially due to differences in particle sizes and
densities. Coyne et al. (5) studied the effect of sediment set-
tling time on fecal coliform (FC) concentrations in runoff wa-
ter from grass filter strips. They observed a 10-fold decrease of
FC concentrations in runoff water after the silt fraction had
settled as compared to the settling sand fraction, which sug-
gested much greater attachment to the silt fraction. Jeng et al.
(24) studied E. coli attachment to five sediment fractions in
fresh storm water. They found that approximately 80%, 18%,
and 2% of attached E. coli cells were associated with the silt
fraction, the clay fraction, and the sand fraction, respectively.
Bengtsson and Ekere (1) have studied attachment of indige-
nous groundwater bacteria to five fractions and two mixtures of
a sandy soil taken at an infiltration field. They did not find
correlations between the partitioning coefficient and particle
size or specific surface area. Karpinskaya (quoted in reference
27) showed that the percentage of Serratia marcescens cells
attached to quartz particles increased as the particle size de-
creased from 1,000 �m to �1.5 �m. The percentage of S.
marcescens cells attached to the sand fraction was 13 to 29
times less than the percentage attached to the clay-sized frac-
tion and 5 to 25 times less than the percentage attached to the
silt-sized fraction.

We are not aware of any previous studies of bacterial at-
tachment to soil particles of different sizes as affected by the
presence of manure particles. The objectives of the present
work were to compare levels of FC attachment to soil particles
of different sizes and to assess the effect of bovine manure on
FC attachment to soil and soil particles.

MATERIALS AND METHODS

The attachment of FC to the soils and soil fractions consisting of particles of
different sizes was studied in batch experiments. Loam soil samples were taken
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from the A horizon of Tyler soil (fine-silty, mixed, mesic, Eric Fragiaquults) in
Franklin County, PA. The soil was under a complex mixture of grasses and
legumes. Sandy clay loam (SCL) and loam soil samples were taken from runoff
plots (0- to 20-cm depth) at the United States Department of Agriculture Ag-
ricultural Research Service (USDA-ARS) Beltsville Agricultural Research Cen-
ter (BARC). The runoff plots were constructed in 1998 using commercial topsoil
and planted with blue fescue (Festuca ovina L. ‘Glauca’) and white clover (Tri-
folium repens L.). The air-dried soil was separated into five fractions of different
particle sizes. Three sand fractions were obtained by wet sieving through 0.125-,
0.25-, and 0.5-mm sieves. The silt fraction, with particle sizes of 0.002 to 0.05 mm,
and the clay fraction, with particle sizes �0.002 mm, were separated using
repeated sedimentation of soil passed through a 0.0625-mm sieve. The soils and
soil fractions were kept air dried prior to the experiments and soil property
determinations.

The soil textures were measured with the hydrometer method (17) after
dispersion with sodium pyrophosphate, Na4P2O7. The particle densities were
measured with the pycnometer method (15). The soil pH values were measured
at a solid-to-liquid ratio of 1:1 (42). The organic carbon (OC) contents were
measured in the soil samples and the soil fraction samples with the dry combus-
tion method (32). Selected properties of the soils are given in Table 1. The
surfaces of the sand particles were studied using microscopy. Photomicrographs
were taken with the aid of a Zeiss Axiomat bright-field microscope (Carl Zeiss,
Inc., Baltimore, MD) with a 10� Plan-Neofluar objective and recorded digitally
using a Spot-RT digital camera (Diagnostic Instruments, Inc., Sterling Heights,
MI). Organic matter removal from the sand fractions of the Tyler soil was
performed using peroxide digestion (2).

Bovine manure was collected from the Dairy Research Unit of the USDA-
ARS facility in Beltsville. The manure contained 15.8% total solids, 1.210 g
liter�1of total nitrogen, 0.306 g liter�1 of ammonium nitrogen, less than 0.001 g
liter�1 of nitrate, 0.148 g liter�1 of soluble phosphorus, and 0.303 g liter�1 of
total phosphorus. The bovine manure was added to water to obtain water-
manure suspensions of 40 g liter�1 and then filtered through cheesecloth to
separate the suspension from plant residue and bedding straw. The filtered
manure was centrifuged at 100 � g for 15 min to separate the coarse fractions
from the liquid and colloidal fractions. The particle size distribution was mea-
sured in the manure using an LA-920 laser-scattering particle size distribution
analyzer (Horiba Instruments Inc., Irvine, CA). The average particle size was
2.48 � 1.48 �m, and the solid/liquid ratio in the centrifuged manure suspension
was 0.114 � 0.001%. The FC concentrations in the manure were determined
with a spread-plate method (3). The bacterium-manure suspension in amounts of
50 �l was plated onto MacConkey agar by using an Autoplate 4000 spiral plater
(Spiral Biotech, Bethesda, MD) and incubated for 14 h at 44.5°C. The FC CFU
were counted using a Protocol plate reader (Synoptics, Cambridge, United King-
dom). The manure suspension was aged for approximately 3 months at a tempera-
ture of 4°C until the FC content in the manure decreased to �103 CFU ml�1.

The aged bovine manure was cultured in a dilute yeast extract broth (0.01%
wt/vol) at 37°C for 24 h with the goal of producing an inoculum for attachment
studies. The cultured cells were pelleted by centrifugal sedimentation at 6,000 �
g for 10 min and the pellet was resuspended in deionized water. Serial dilutions
of the suspension were prepared and appropriate amounts added to water-
manure suspensions to obtain FC concentrations of 102, 103, 104, and 105 CFU
ml�1. Bacterium-water or bacterium-manure suspensions were added to 2 g of
air-dried soil and soil fractions to give a soil-to-suspension ratio of 1:10 in
triplicate for each FC concentration. Bacterial and soil suspensions were stirred
for 2 h on a rotary shaker at 8°C to minimize microbial growth. It was determined
in an initial experiment that 2 h was sufficient to achieve equilibrium between
cells in suspension and attached to soil fractions. The suspensions were centri-
fuged at 100 � g for 15 min in 50-ml centrifuge tubes (PTD PRO; Elkay,
Mansfield, MA) at 8°C. Soil-free FC suspensions were centrifuged simulta-
neously with each soil suspension in triplicate to correct for bacterial attachment
to centrifuge tube walls. The electrical conductivity (EC), pH, and FC concen-

trations were measured in the supernatants, applied water, and water-manure
suspensions. The EC in suspensions was measured with an MPM 1000 conduc-
tivity meter (Solomat Ltd., Bishops Stortford, United Kingdom).

The amount of attached FC was calculated from the difference between the
amount applied and the amount recovered in the supernatant.

The linear isotherm equation S � KsC, where S is the equilibrium concentra-
tion of CFU per gram of soil (CFU g�1), C is the equilibrium FC concentration
in solution (CFU ml�1), and Ks is the partition coefficient (ml g�1), was fitted to
the data. Statistical analyses were done using the SPLUS software (Mathsoft,
Cambridge, MA).

RESULTS AND DISCUSSION

The properties of the soils and soil fractions are shown in
Table 1. The clay content did not differ substantially among the
soils, whereas the sand content was 1.5 times less in the BARC
loam and 2 times less in the Tyler loam than in the BARC SCL
soil (Table 1). The silt and OC contents were higher in the
Tyler soil than in the BARC soils. The lowest values of silt and
OC content were found in the BARC SCL soil. The OC con-
tent in the sand fractions was negligible compared to the con-
tent in the silt and clay fractions of the BARC soils and
reached the highest value in the clay fractions (Table 2). In the
Tyler soil, the OC content in the clay fraction was higher than
in the silt fraction but was less than in any of the sand fractions.
The pH values were less than 6 in all soils and were higher in
the Tyler soil and the BARC SCL than in the BARC loam soil
(Table 1). The microscopic study revealed the presence of a
coating on the surface of the Tyler sand, while this coating was
absent from the BARC sand fractions. The surfaces of the sand
fractions in the Tyler soil had a black-matted, rough appear-
ance (Fig. 1a), while the sand fractions of the BARC soils were
glossy and all sand particles were translucent (Fig. 1b and c).
After applying the organic matter removal treatment to the
Tyler sand, the coating partially disappeared. The organic mat-
ter content in the Tyler sand decreased approximately twofold
after the organic matter removal treatment.

All soil-bacterium suspensions had pH values of less than 7
and EC values of less than 0.2 S m�1 (Fig. 2a and 3a). Analysis
of variance showed that the fraction size was the significant
factor (P � 0.05) of the values of both pH and EC in all
suspensions except for the EC values in the Tyler soil. Overall,
the pH and EC values were higher in the clay and silt fractions
than in the sand fractions of the BARC soils (Fig. 2a and 3a),
and the pH values were higher in the BARC SCL than in the
BARC loam soil.

Addition of bovine manure increased the pH and EC values
in the suspensions. The pH values were found to be in the
range from 7 to 8 (Fig. 2b) and the EC values were in the range
from 1.1 to 1.4 S m�1 in the manure-soil-bacterium suspen-
sions (Fig. 3b). The increases in pH from the values in manure-

TABLE 1. Selected soil properties

Soil type Particle density
(Mg m�3)

Soil fraction or OC
content (%) pH

Clay Silt Sand OC

Tyler loam 2.560 26.4 45.8 27.8 3.3 5.61
BARC SCL 2.611 20.3 26.7 53 1.7 5.57
BARC loam 2.552 27.0 36.7 36.3 2.5 4.65

TABLE 2. OC content in soil fractions

Soil

OC content (%) in:

Clay Silt
Sand (particle size �mm	)

0.0625–0.125 0.125–0.25 0.25–0.5

Tyler loam 3.27 2.82 4.67 4.60 4.68
BARC SCL 3.88 2.63 0.01 0.02 0.0
BARC loam 3.27 2.56 0.14 0.07 0.02

3364 GUBER ET AL. APPL. ENVIRON. MICROBIOL.



free suspensions were more pronounced for the BARC loam
soil and soil fractions and less pronounced for the Tyler soil
fractions. The increase in EC was greater in the fractions of the
BARC soils than in the fractions of the Tyler soil. Analysis of

variance showed that the fraction size was the significant factor
(P � 0.05) of the values of both pH and EC in all suspensions
with manure except for the EC value in the Tyler soil and the
pH value in the BARC loam soil.

FIG. 1. Coated (Tyler soil) (a) and uncoated (BARC soils) (b, c) sand fraction surfaces.

FIG. 2. pH values in soil-water suspensions without (a) and with
(b) bovine manure.

FIG. 3. EC values in soil-water suspensions without (a) and with
(b) bovine manure.
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The experimental data on FC attachment to soil fractions
are shown in Fig. 4. Generally, more FCs were associated with
clay and silt fractions than with sand. Relatively more FCs were
attached to the Tyler soil fractions than to the BARC soil
fractions at the same concentrations in the liquid phase (Fig.
4a, c, and e). This difference was greater in sand fractions than
in silt and clay fractions. Manure application considerably de-
creased the numbers of bacteria attached to soil particles. The
most pronounced decrease in numbers of attached FCs oc-
curred in clay and silt fractions (Fig. 4b, d, and f), while a minor
decrease was observed in all sand fractions of the BARC SCL
and loam soils. In the sand fractions of the Tyler soil, sus-

pended bovine manure decreased the bacterial attachment.
However, this attachment was still higher than that for the sand
fractions of the BARC soils.

The attachment of bacteria to soils was more similar to the
attachment to fine fractions (silt and clay) than to the attach-
ment to sand particles (Fig. 4). The effect of manure on FC
attachment to soil was similar to that observed with clay and
silt.

The values of Ks obtained with different soil fractions are
shown in Table 3. Greater values of Ks were obtained in the
soil and clay fractions than in the sand fractions for each soil in
both the presence and absence of manure, with the exception

FIG. 4. Relationships between attached amounts of FC and concentrations of FC in suspensions of Tyler loam soil (a, b), BARC SCL (c, d),
and BARC loam (e, f); panels a, c, and e show data in the absence of manure, while panels b, d, and f show data in the presence of bovine manure.
The lines show the fit with the linear isotherm equation.
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of the sand fraction of 0.2- to 0.5-mm particle size of the Tyler
soil (Table 3). The average ratios of Ks(clay)/Ks(sand) were 22
and 44 and the average ratios of Ks(silt)/Ks(sand) were 9 and 66
for BARC loam and BARC SCL, respectively; these results
were comparable to Karpinskaya’s results (quoted in reference
27). However, such differences were not so pronounced for the
Tyler loam soil, where the ratios of Ks(clay)/Ks(sand) and Ks(silt)/
Ks(sand) were 1.8 and 1.6, respectively. For the BARC soils and
soil fractions with and without manure, the differences be-
tween the Ks values for the clay and silt fractions were less than
the differences between the Ks values of the sand fractions and
fine (clay and silt) fractions. For the Tyler soil, the differences
between the Ks values of different fractions were much less
than for the BARC soils. The highest values of Ks in soil
fractions without manure were obtained for the silt and clay
fractions of the Tyler soil; the lowest values were obtained for
the sand fractions of the BARC SCL soil (Table 3).

The differences in Ks between the BARC and Tyler soils
correlated with the differences in the OC contents. The OC
content in the sand fractions was from 18 to 124 times less than
in the silt and the clay fractions of the BARC loam and from
131 to 388 times less than in the same fractions of the BARC
SCL soil, whereas the OC contents in the sand fractions of the
Tyler soil were 1.7 and 1.4 times higher than those in the silt
and clay fractions (Table 2). Organic matter in sandy soils was
found to be important for microbial attachment by Gray et al.
(18), who reported that about 60% of Phytophthora spp. in a
sand dune soil were located on organic particles, which repre-
sented only 15% of the available (colonizable) soil surface.
They calculated that only 0.02% of the available surface area
of the sand grains was colonized by bacteria. The much-stron-
ger attachment of FCs to the sand fraction of the Tyler soil as
compared with that for other sand fractions seems to be re-
lated to the surface coating containing large amounts of or-
ganic matter.

The introduction of manure in the bacterial suspensions
caused a considerable decrease in the values of Ks in the clay
and silt fractions (Table 3). For example, Ks in the clay and silt
fractions of the BARC SCL soil decreased from 46 to 82 ml
g�1 to 8 to 10 ml g�1. The decrease in the Ks values was much

less or not noticeable at all in the sand fractions of the BARC
soils. For example, in the sand fractions, the values of Ks were
in the ranges of 0.7 to 1.8 ml g�1 and 1.2 to 1.3 ml g�1 for the
BARC SLC without and with manure treatment, respectively,
and in the ranges of 1.3 to 2.7 ml g�1 and 1.0 to 1.3 for the
BARC loam without and with manure treatment, respectively.
The effect of manure on FC attachment was substantial for the
sand fractions of the Tyler soil, where the values of Ks were
from 7 to 144 times less in the soil-manure suspension than in
the soil-water suspension, and the difference in Ks increased
with the increase in the sand fraction particle size.

The bovine manure used in our study was a complex matrix
consisting of microbial biomass, dietary fiber, bedding materi-
als, urine, and fecal mucus. Because of this complexity, known
factors of bacterial attachment to mineral surfaces might work
in the same way or in a completely different way in comparison
to attachment in suspensions without manure. An increase of
the electrolyte concentration is known to increase bacterial
attachment to solid particles (16, 28, 29, 38, 39). EC increased
with manure addition in our experiments, and yet bacterial
attachment markedly decreased. The solution pH has also
been reported to affect bacterial attachment to mineral sur-
faces, with the strongest adsorption of bacterial cells occurring
at pH values in the range from 3 to 6 (10, 37). Reddy et al. (35)
and Scholl and Harvey (38) showed that the fraction of bacte-
ria retained by the soil decreased markedly as the pH was
increased above 6. The manure suspensions had pH values
higher than those of the bacterium-water suspensions in our
study (Fig. 2), and the FC attachment to soil and fine particles
in response to the increase in pH was similar to that reported
in the studies carried out by other authors in the absence of
manure in the suspensions. The dissolved organic matter was
shown to modify the surfaces of bacteria and mineral particles
and thus decrease the attachment (9). Dissolved and sus-
pended colloidal organic matter also decreased the bacterial
attachment by competing with bacteria for the same attach-
ment sites (38, 45). Finally, as bacterial attachment to both soil
and manure particles may occur (30, 31), the number of bac-
teria attached to the soil surface can also be reduced due to cell
competition for attachment sites on soil and on manure par-

TABLE 3. Ks values for the attachment of FCs to soils and soil fractions in suspensions without and with bovine manurea

Soil or soil fraction
in suspension:

Tyler loam BARC SCL BARC loam

Ks (ml g�1) R2 Ks (ml g�1) R2 Ks (ml g�1) R2

Without manure
Soil 513.2 � 78.7 0.977 46.3 � 14.8 0.947 9.40 � 1.42 0.981
Clay 580.9 � 145.6 0.894 54.4 � 6.6 0.961 43.4 � 6.8 0.980
Silt 501.3 � 39.8 0.989 81.9 � 9.1 0.970 17.2 � 7.7 0.952
Sand, 0.0625–0.125 mm 92.1 � 11.8 0.981 1.29 � 0.45 0.692 1.82 � 0.62 0.582
Sand, 0.125–0.25 mm 156.7 � 24.2 0.986 1.80 � 0.84 0.565 2.73 � 0.46 0.995
Sand, 0.25–0.5 mm 720.5 � 133.6 0.978 0.65 � 0.47 0.591 1.31 � 0.30 0.988

With applied bovine manure
Soil 27.2 � 3.4 0.978 7.52 � 2.10 0.967 3.36 � 1.70 0.670
Clay 48.6 � 7.0 0.974 9.82 � 1.01 0.976 7.44 � 2.92 0.812
Silt 17.7 � 2.7 0.972 9.48 � 1.14 0.983 6.23 � 1.83 0.886
Sand, 0.0625–0.125 mm 12.8 � 3.1 0.933 1.33 � 0.38 0.879 0.96 � 0.39 0.720
Sand, 0.125–0.25 mm 7.30 � 1.66 0.882 1.17 � 0.51 0.777 1.29 � 0.47 0.836
Sand, 0.25–0.5 mm 5.00 � 0.65 0.980 1.25 � 0.36 0.953 1.09 � 0.22 0.952

a Ks values are averages � standard deviations estimated from triplicate experiments. R2, coefficient of determination for the linear isotherm equation.
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ticulates. In our work, the effect on bacterial attachment of
manure in the suspensions was similar to the effect on bacterial
attachment of organic materials in suspension reported in the
works of other authors. Due to the many interacting factors
affecting bacteria and solid surface properties in the bacteri-
um-manure solution, we cannot conclusively identify the dom-
inant mechanism by which added manure decreased FC at-
tachment to soil particles.

The linear attachment isotherm equation described the at-
tachment reasonably well, with R2 (coefficient of determina-
tion) in the range from 0.80 to 0.98 for two of three soils, all
clay fractions, and all silt fractions in both the absence and
presence of manure (Table 3). The goodness of fit of the
equation was worse for sand fractions where the attachment
was low and the nonlinearity of the attachment isotherm was
pronounced (Fig. 4).

The values of Ks for soil samples without separation into
fractions are plotted against the pH, EC, OC, and clay content
values in Fig. 5. We did not observe the increase in adherence
of bacteria to soil with the increase of clay content which was
documented by other authors (19, 26, 46). Gromyko et al. (19),
for example, reported an increase in Ks from 73.2 to 5,546 ml
g�1 as the clay content increased from 26 to 66% for Serozem
soils. Ling et al. (26) derived the regression equation ln (Ks) �
3.9 ln (clay%) � 11.3 for clay contents in the range of 10 to
54%. A possible reason for the absence of the dependence of

Ks on clay content in our work is the narrow range of clay
contents in the three studied soils (Fig. 5). Ks was distinctly less
in the manure suspension for all soils regardless of soil OC and
clay contents (Fig. 5a and b). The values of Ks for soils de-
creased about 19-, 6-, and 3-fold after manure was added to the
suspensions of Tyler loam, BARC SCL, and BARC loam soil,
respectively. Greater values of Ks were obtained at smaller
values of pH and EC in the suspension for each soil sample
(Fig. 5c and d). The increase in Ks was correlated more to
increasing soil pH, in the ranking order BARC loam � BARC
SCL � Tyler loam soil, than to the other factors.

Although a large number of bacterial adsorption studies
have been published in the last decade, quantitative informa-
tion on the values of Ks for manure-borne bacteria in different
soils is still limited. Therefore, for purposes of comparison, we
derived Ks values from the results of previously published ex-
periments. The calculated values of Ks varied greatly in differ-
ent soils, i.e., they ranged from 33 to 9,900 ml g�1 for Serozem
soils of central Asia (19) and were 0.7, 16.7, 88.2, and 9,790 ml
g�1 in Arenosa loamy sand, San Angelo SCL, Houston Black
clay, and Beaumont clay soils, respectively (46). Ling et al. (26)
obtained Ks values of 0.33 and 127 ml g�1 in Tangi silt loam
and Commerce clay loam, respectively. In our study, the values
of Ks were 9.4, 46.3, and 513.2 ml g�1 for the BARC loam,
BARC SCL, and Tyler loam soil, respectively. The range of Ks

FIG. 5. Relationships between Ks values, soil OC contents, soil clay contents, and EC and pH values in suspensions. The hollow and filled
symbols show data from suspensions without and with manure, respectively.
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values in this study had an overlap with the ranges found by
other authors.

The values of Ks obtained in this study indicate that substan-
tial amounts of bacteria can attach to suspended sediment,
provided that the batch values of Ks are applicable in the
dynamic conditions of nonstationary overland flow. Therefore,
the best management practices that decrease the amount of
sediment reaching waterways and water bodies should also be
efficient in the retention of the manure-borne bacteria. The
importance of bacterial attachment to suspended solids de-
pends on the amount of sediment generated during the runoff
event. Roodsari et al. (36) reported the results of rainfall simu-
lations with manure applied on the top of either bare or vegetated
20% slopes. About 20% of manure-borne bacteria released on
bare slopes were found in suspended solids in runoff at the bare
plots, whereas no appreciable amounts of suspended solids were
found in the runoff from the vegetated plots (36).

Recent reviews (13, 44) have highlighted a lack of quantita-
tive understanding of the status of suspended bacteria in over-
land flow, i.e., whether they are attached to soil or fecal par-
ticles or move as unattached cells or bacterial aggregates.
Although more experimental information is needed, the re-
sults of our work suggest that one approach to mitigating the
transport of manure-borne bacteria to surface waters is to
control the amount of sediment reaching the water.

ACKNOWLEDGMENT

Manufacturer names are given for information only and do not con-
stitute endorsement by the United States Department of Agriculture.

REFERENCES

1. Bengtsson, G., and L. Ekere. 2001. Prediction of groundwater bacteria from
size distribution, surface areas, and magnetic susceptibility of soil particles.
Water Resour. Res. 37:1795–1812.

2. Burt, R. (ed.) 2004. Soil survey laboratory methods manual, soil survey investi-
gations report no. 42, version 4.0, November 2004. Natural Resources Conser-
vation Service, United States Department of Agriculture, Washington, DC.

3. Clesceri, L. A., E. Greenberg, and A. D. Eaton (ed.). 1998. Standard methods
for the examination of water and wastewater, 20th ed., p. 9-38–9-40. Amer-
ican Public Health Association, Washington, DC.

4. Collins, R., and K. Rutherford. 2004. Modelling bacterial water quality in
streams draining pastoral land. Water Res. 38:700–712.

5. Coyne, M. S., R. A. Gilfillen, R. W. Rhodes, and R. L. Blevins. 1995. Soil and
fecal coliform trapping by grass filter strips during simulated rain. J. Soil
Water Conserv. 50:405–408.

6. Crane, S. R., J. A. Moore, M. E. Grismer, and J. R. Miner. 1983. Bacterial
pollution from agricultural sources: a review. Trans. ASAE 26:858–866.

7. Craun, G. F., R. L. Calderon, and N. Nwachuku. 2002. Causes of waterborne
outbreaks reported in the United States, 1991–98, p. 105–117. In P. R.
Hunter, M. Waite, and E. Ronchi (ed.), Drinking water and infectious
disease: establishing the link. CRC Press, Boca Raton, FL.

8. Curriero, F. C., J. A. Patz, J. B. Rose, and S. Lele. 2001. The association
between extreme precipitation and waterborne disease outbreaks in the
United States, 1948–1994. Am. J. Public Health 91:1194–1199.

9. Daniels, S. L. 1980. Mechanisms involved in sorption of microorganisms to
solid surfaces, p. 7–58. In G. Bitton and K. C. Marshall (ed.), Adsorption of
microorganisms to surfaces. John Wiley and Sons, New York, NY.

10. Davies, C. M., C. M. Ferguson, C. Kaucner, N. Altavilla, D. A. Deere, and
N. J. Ashbolt. 2004. Dispersion and transport of Cryptosporidium oocysts
from fecal pats under simulated rainfall events. Appl. Environ. Microbiol.
70:1151–1159.

11. Doran, J. W., and D. M. Linn. 1979. Bacteriological quality of runoff water
from pastureland. Appl. Environ. Microbiol. 37:985–991.

12. Environmental Protection Agency. 2001. Proposed regulations to address water
pollution from concentrated animal feeding operations, EPA 833-F-00-016.
Office of Water, U.S. Environmental Protection Agency, Washington, DC.

13. Ferguson, C., A. M. de Roda Husman, N. Altavilla, D. Deere, and N. Ashbolt.
2003. Fate and transport of surface water pathogens in watersheds. Crit. Rev.
Environ. Sci. Technol. 33:299–361.

14. Fiener, P., and K. Auerswald. 2003. Effectiveness of grassed waterways in
reducing runoff and sediment delivery from agricultural watersheds. J. En-
viron. Qual. 32:927–936.

15. Flint, A. L., and L. E. Flint. 2002. Particle density, p. 230–234. In J. H. Dane
and G. C. Topp (ed.), Methods of soil analysis. Part 4, physical methods.
American Society of Agronomy and Soil Science Society of America, Mad-
ison, WI.

16. Fontes, D. E., A. L. Mills, G. M. Hornberger, and J. S. Herman. 1991.
Physical and chemical factors influencing transport of microorganisms
through porous media. Appl. Environ. Microbiol. 57:2473–2481.

17. Gee, G. W., and D. Or. 2002. Particle-size analysis, p. 278–282. In J. H. Dane
and G. C. Topp (ed.), Methods of soil analysis. Part 4, physical methods.
American Society of Agronomy and Soil Science Society of America, Mad-
ison, WI.

18. Gray, T. R. G., P. Baxby, L. R. Hill, and M. Goodfellow. 1968. Direct
observation of bacteria in soil, p. 171–197. In T. R. G. Gray and D. Parkinson
(ed.), The ecology of soil bacteria. University of Toronto Press, Toronto,
Canada.

19. Gromyko, K. V., O. V. Guz, and M. N. Nazirov. 1986. Significance of soil
adsorption in dynamics of bacterial contamination of irrigated land. Gig.
Sanit. 3:70–71.

20. Harvey, R. H., L. H. George, R. L. Smith, and D. R. LeBlanc. 1989. Transport of
microspheres and indigenous bacteria through a sandy aquifer: results of natural-
and forced-gradient tracer experiments. Environ. Sci. Technol. 23:51–56.

21. Heinonen-Tanski, H., and J. Uusi-Kamppa. 2001. Runoff of fecal microor-
ganisms and nutrients from perennial grass ley after application of slurry and
mineral fertilizer. Water Sci. Technol. 43:143–146.

22. Hunter, P. R. 2003. Climate change and waterborne and vector-borne dis-
ease. J. Appl. Microbiol. 94(Suppl.):37S–46S.

23. Jamieson, R., R. Gordon, D. Joy, and H. Lee. 2004. Assessing microbial
pollution of rural surface waters: a review of current watershed scale mod-
elling approaches. Agric. Water Manag. 70:1–17.

24. Jeng, H. C., A. J. H. England, and H. B. Bradford. 2005. Indicator organisms
associated with stormwater suspended particles and estuarine sediment. J.
Environ. Sci. Health 40:779–791.

25. Khaleel, R., K. R. Reddy, and M. R. Overcash. 1982. Transport of potential
pollutants in runoff water from areas receiving animal waste. A review.
Water Res. 14:421–436.

26. Ling, T. Y., E. C. Achberger, C. M. Drapcho, and R. L. Bengtson. 2002.
Quantifying adsorption of an indicator bacteria in a soil-water system. Trans.
ASAE 45:669–674.

27. Marshall, K. C. 1971. Sorptive interactions between soil particles and mi-
croorganisms, p. 409–445. In A. D. McLaren and J. Skujins (ed.), Soil
biochemistry. Marcel Dekker, New York, NY.

28. Marshall, K. C., R. Stout, and R. Mitchell. 1971. Mechanism of the initial
events in the sorption of marine bacteria to surfaces. J. Gen. Microbiol.
68:337–348.

29. Mills, A. L., J. S. Herman, G. M. Hornberger, and T. H. DeJesus. 1994.
Effect of solution ionic strength and iron coating on mineral grains on the
sorption of bacterial cells to quartz sand. Appl. Environ. Microbiol. 60:3300–
3306.

30. Muirhead, R. W., R. P. Collins, and P. J. Bremer. 2005. Erosion and sub-
sequent transport state of Escherichia coli from cowpats. Appl. Environ.
Microbiol. 71:2875–2879.

31. Muirhead, R. W., R. P. Collins, and P. J. Bremer. 2006. Numbers and
transported state of Escherichia coli in runoff direct from fresh cowpats
under simulated rainfall. Lett. Appl. Microbiol. 42:83–87.

32. Nelson, D. W., and L. E. Sommers. 1996. Total carbon, organic carbon, and
organic matter, p. 961–1011. In D. L. Sparks (ed.), Methods of soil analysis.
Part 3, chemical methods. American Society of Agronomy and Soil Science
Society of America, Madison, WI.

33. Pachepsky, Y. A., A. M. Sadeghi, S. A. Bradford, D. R. Shelton, A. K. Guber,
and T. Dao. 2006. Transport and fate of manure-borne pathogens: modeling
perspective. Agric. Water Manag. 86:81–92.

34. Patni, N. K., H. R. Toxopeus, and P. Y. Jui. 1985. Bacterial quality of runoff
from manured and non-manured cropland. Trans. ASAE 28:1871–1877.

35. Reddy, K. R., R. Khaleel, and M. R. Overcash. 1981. Behavior and transport
of microbial pathogens and indicator organisms in soils treated with organic
waters. J. Environ. Qual. 10:255–266.

36. Roodsari, R., D. R. Shelton, A. Shirmohammadi, Y. A. Pachepsky, A. M.
Sadeghi, and J. Starr. 2005. Fecal coliform transport as affected by surface
conditions. Trans. ASAE 48:1055–1061.

37. Scholl, M. A., A. L. Mills, J. S. Herman, and G. M. Hornberger. 1990. The
influence of mineralogy and solution chemistry on the attachment of bacteria
to representative aquifer materials. J. Contam. Hydrol. 6:321–336.

38. Scholl, M. A., and R. W. Harvey. 1992. Laboratory investigations on the role
of sediment surface and groundwater chemistry in transport of bacteria
through a contaminated sandy aquifer. Environ. Sci. Technol. 26:1410–1417.

39. Sharma, M. M., Y. I. Chang, and T. F. Yen. 1985. Reversible and irreversible
surface charge modification of bacteria facilitating transport through porous
media. Colloids Surf. 16:193–206.

40. Tate, K. W., E. R. Atwill, M. R. George, M. K. McDougald, and R. E. Larsen.
2000. Cryptosporidium parvum transport from cattle fecal deposits on Cali-
fornia rangelands. J. Range Manag. 53:295–299.

VOL. 73, 2007 FECAL COLIFORM ATTACHMENT TO SOIL PARTICLES 3369



41. Thelin, R., and G. F. Gifford. 1983. Fecal coliform release patterns from fecal
material of cattle. J. Environ. Qual. 12:57–63.

42. Thomas, G. W. 1996. Soil pH and soil acidity, p. 475–490. In D. L. Sparks
(ed.), Methods of soil analysis. Part 3, chemical methods. American Society
of Agronomy and Soil Science Society of America, Madison, WI.

43. Thurston-Enriquez, J. A., J. E. Giley, and B. Eghball. 2005. Microbial quality
of runoff following land application of cattle manure and swine slurry. J.
Water Health 3:157–171.

44. Tyrrel, S. F., and J. N. Quinton. 2003. Overland flow transport of pathogens
from agricultural land receiving fecal wastes. J. Appl. Microbiol. 94:87–93.

45. Unc, A., and M. J. Goss. 2003. Movement of faecal bacteria through the
vadose zone. Water Air Soil Pollut. 149:327–337.

46. Weaver, R. W., N. O. Dronen, B. G. Foster, F. C. Heck, and R. C. Fehrmann.
1978. Sewage disposal on agricultural soils: chemical and microbiological
implications. Vol. II: microbiological implications, EPA-600/2-78-131b. U.S.
Environmental Protection Agency, Ada, OK.

3370 GUBER ET AL. APPL. ENVIRON. MICROBIOL.


